The forward acceptance of the LHCb detector allows it to probe proton-ion collisions in a unique kinematic range, complementary to the other LHC experiments. The production of J/Ψ and Υ-mesons decaying into two muons is studied at the LHCb experiment in proton-lead collisions at a proton-nucleon centre-of-mass energy √ sNN = 5 TeV. The analysis is based on a data sample corresponding to an integrated luminosity of 1.6 nb −1 . The nuclear modification factor and the forward-backward production ratio are determined for J/Ψ and Υ(1S) mesons. Clear suppression of prompt J/Ψ production is observed with respect to the production in proton-proton collisions at large rapidity, while the suppression of J/Ψ from b-hadron decays is less pronounced. The nuclear modification factor for Υ(1S) mesons in the forward region is found to be similar to those for J/Ψ from b-hadron decays. Furthermore, a first observation of Z bosons at large rapidities in proton-lead collisions is reported.
Introduction
In ultra-relativistic heavy-ion collisions, the production of quarkonia or electroweak bosons is expected to be suppressed with respect to proton-proton collisions, if a quarkgluon plasma, QGP, is created (Matsui & Satz 1986) . Such a suppression of heavy quarkonia and Z boson production with respect to proton-proton (pp) collisions can also take place in proton-nucleus (pA) collisions, where a quarkgluon plasma is not expected to be created but only cold nuclear matter effects, such as nuclear absorption, parton shadowing and parton energy loss in initial and final states can occur (Ferreiro et al. 2013; Albacete et al. 2013; Arleo & Peigne 2013) . The study of pA collisions therefore provides important input to disentangle the QGP effects from cold nuclear effects, probe nuclear parton distribution functions, which are poorly constrained, and provide a reference sample for nucleus-nucleus collisions.
In early 2013, the LHCb detector (Alves Jr. et al. 2008) collected two data samples corresponding to 1.6 nb −1 of proton-lead collisions at a centre-of-mass energy per proton-nucleon pair of √ s N N = 5 TeV. The two data samples correspond to two different beam configurations, with either the proton or the lead beam pointing along the beamline from the interaction point into the LHCb detector.
These are referred to as forward and backward configuration respectively. Owing to the asymmetric beam configuration the LHCb acceptance corresponds to 1.5 < y < 4.0 (−5.0 < y < −2.5) for the forward (backward) configuration. Results on J/Ψ (LHCb collaboration 2014d), Υ (LHCb Corresponding author: e-mail: kmueller@physik.uzh.ch collaboration 2014c) and Z (LHCb collaboration 2014b) production are reported below.
LHCb detector
The LHCb detector (Alves 2008 ) is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of momentum of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a primary vertex, the impact parameter, is measured with a resolution of (15 + 29/p T ) µm, where p T is the component of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by a calorimeter system consisting of a scintillating-pad detector (SPD), preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction. 
where z J/Ψ is the z position of the J/Ψ decay vertex, z P V that of the primary vertex, p z the z component of the measured J/Ψ momentum, and M J/Ψ the reconstructed mass of the J/Ψ candidate. The signal di-muon invariant mass distribution in each p T and rapidity (y) bin is modelled with a Crystal Ball function (Skwarnicki 1986 ), and the combinatorial background with an exponential function. The t z signal distribution is described by the sum of a δ-function at t z = 0 for prompt J/Ψ production and an exponential decay function for J/Ψ from b, both convolved with a double-Gaussian resolution function whose parameters are free in the fit. Figure 1 shows the projections of the combined fit in one rapidity bin in the forward configuration.
The di-muon invariant mass distribution for the Υ candidates in the two samples are shown in Fig. 2 . While the Υ(1S), Υ(2S) and Υ(3S) resonances are observed in the forward direction, only Υ(1S) gives a significant signal in the backward configuration. An unbinned extended maximum likelihood fit to the invariant mass distribution of the selected candidates is performed to determine the signal yields of Υ(1S), Υ(2S) and Υ(3S) mesons in a fit range 8400 < m µ + µ < 11400 MeV/c 2 . A sum of three Crystal Ball functions is used to describe the Υ(1S), Υ(2S) and Υ(3S) signal components, while the combinatorial background is modelled with an exponential function. Higher combinatorial background in the backward configuration is observed for J/Ψ and Υ production due to the larger multiplicity in lead-proton collisions. Figure 3 shows the single differential production crosssections for prompt J/Ψ and J/Ψ from b as functions of p T and y in the forward region. The cross-section for J/Ψ from b is about a factor of ten smaller than for prompt J/Ψ with a similar p T and y dependence similar to what was observed by LHCb in pp collisions (LHCb collaboration 2011).
Cold nuclear effects
Nuclear effects are usually characterised by the nuclear modification factor R pPb and the forward-backward production ratio R F B ,
which depend on the production cross-section of a given particle in pA collisions and for R pPb also on the crosssection in pp collisions at the same centre-of-mass energy as well as the atomic number A. The advantage of measuring R F B is that it does not rely on the knowledge of the production cross-section in pp collisions and that experimental systematic uncertainties and theoretical scale uncertainties cancel partially. To determine the nuclear modification factor R pPb , the reference cross-sections in pp collisions at √ s N N = 5 TeV are needed. Since there is no direct measurement, these are obtained by a power-law fit to the previous LHCb measurements of J/Ψ and Υ production at 2.76 TeV, 7 TeV and 8 TeV (ALICE and LHCb collaborations 2013, ALICE and LHCb collaborations 2014). Cold nuclear effects are studied in three rapidity bins for J/Ψ; the low statistics of the Υ sample only allow a measurement for Υ(1S) in one rapidity bin. Figure 4 and 5 show the nuclear modification factors and the forward-backward production ratios, for prompt J/Ψ mesons and J/Ψ from b as functions of rapidity (LHCb collaboration 2014d), compared to different theoretical predictions (Ferreiro et al. 2013; Conesa del Valle et al. 2014; Albacete et al. 2013; Arleo & Peigne 2012) . A clear suppression of about 40% at large rapidity is observed for prompt J/Ψ production. The data show a modest suppression of J/Ψ from b production in the forward region, with respect to that in pp collisions. This is the first indication of the suppression of b hadron production in proton-lead collisions. The measurements agree with most predictions. The NLO prediction (Albacete et al. 2013) overshoots the data at www.an-journal.org large rapidities if only nuclear modifications are taken into account but give a good description of the data if coherent energy loss is included (Arleo & Peigne 2012) . Figure 6 shows R pPb and R F B for Υ(1S) (LHCb collaboration 2014c) together with the LHCb results of prompt J/Ψ and J/Ψ from b with theoretical predictions. The data are consistent with a suppression in the forward region and a possible enhancement in the backward region. In the forward region, the suppression of Υ(1S) mesons is smaller than that of prompt J/Ψ mesons and similar to J/Ψ from b. Data and theoretical predictions, which include coherent energy loss and nuclear shadowing as parametrised with EPS09 (Arleo & Peigne 2012rs), agree within the large experimental uncertainties.
Inclusive Z boson production in proton-lead collisions
The Z candidates are reconstructed in the di-muon final state. Background contributions from muon misidentification and the decay of heavy flavour mesons are determined from data. A total of 11 (4) candidates are selected with a purity of above 99%, corresponding to a sig- nificance of 10.4σ (6.8σ) for the Z signal in the forward (backward) direction. Figure 7 shows the di-muon invariant mass of the Z candidates in the forward and backward direction. The inclusive Z boson production cross-section is measured to be σ(Z → µµ) = 13.5 +5.4 −4.0 ± 1.2 nb in the forward and σ(Z → µµ) = 10.7 +8.4 −5.1 ± 1.0 nb in the backward configuration. Here, the first uncertainty is statistical and the second systematic. The measurements are compared to theoretical predictions calculated at NNLO using the FEWZ generator (Li & Petriello 2012) and computed with and without considering nuclear effects based on the EPS09 nuclear PDF set (Eskola, Paukkunen & Salgado 2009) in Fig. 8 . The statistical precision of the measured cross-sections prevents conclusions on the presence of nuclear effects. However, the observation of Z production in proton-nucleus collisions demonstrates the excellent potential of the study of electroweak bosons in proton-lead collisions at LHCb.
Fixed target physics at LHCb
The LHCb detector is equipped with a system that allows the injection of gas into the interaction region. This is used to precisely determine the luminosity calibration by the beam-gas imaging method (LHCb collaboration 2014a; -Luzzi 2005) . This method is based on reconstructing interaction vertices of beam particles colliding with gas nuclei in the beam vacuum to measure the angles, positions and shapes of the individual beams. For these special calibration runs the vacuum pressure at the interaction point increases from 10 −9 to about 10 −7 . The gas injected for luminosity measurements was neon although any noble gas could be used.
Ferro
These calibration runs can also be used for fixed target physics, by studying the collisions of protons or lead ions with neon at a centre of mass energy of 87 and 54.4 GeV, re-spectively. For these collisions the centre of mass system is shifted by 4.5 units in rapidity and covers the central region. Preliminary results of the production of K s and Φ mesons, Λ andΛ hyperons as well as charmed D 0 mesons have been shown (LHCb collaboration: 2012).
Conclusions
The production of prompt J/Ψ mesons, J/Ψ from bhadron decays and Υ is studied in pPb collisions with the LHCb detector at the nucleon-nucleon centre-of-mass energy √ s N N = 5 TeV. The measurement is performed as a function of the transverse momentum and rapidity of the J/Ψ (Υ) in the region p T < 14 (15) GeV/c and 1.5 < y < 4.0 (forward) and 5.0 < y < 2.5 (backward).
The measurements indicate that cold nuclear matter effects are less pronounced for J/Ψ from b-hadron decays and Υ, than for prompt J/Ψ. The results show good agreement with the available theoretical predictions and provide useful constraints to the parameterisation of theoretical models. The measured nuclear modification factor for prompt J/Ψ mesons shows that it is necessary to include cold nuclear matter effects in the interpretation of quark-gluon plasma signatures in heavy-ion collisions. The limited statistics of the Z production cross-section does not allow a conclusion on the presence of cold nuclear effects. In future LHCb will also perform measurements of collisions of protons or lead ions with nobel gas injected into the interaction region.
